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a b s t r a c t 
We introduce a string-inspired model for a bouncing / cyclic universe, utilizing the scalar–tachyon coupling as 
well as contribution from curvature in a closed universe. The universe undergoes the locked inﬂation, tachyon 
matter dominated rolling expansion, turnaround and contraction, as well as the subsequent deﬂation and 
“bounce” in each cycle of the cosmological evolution. We perform extensive analytic and numerical studies 
of the above evolution process. 
The minimum size of the universe is nonzero for generic initial values. The smooth bounces are made possible 
because of the negative contribution to effective energy density by the curvature term. No ghosts are ever 
generated at any point in the entire evolution of the universe, with the Null, Weak, and Dominant Energy
Conditions preserved even at the bounce points, contrary to many bounce models previously proposed. And 
the Strong Energy Condition is satisﬁed in periods with tachyon matter domination. 
c © 2014 The Authors. Published by Elsevier B.V. Open access under CC BY license.. Introduction 
The idea of modeling the exponential expansion of the universe 
sing simple scalar ﬁelds has led to remarkable progress in the study 
f cosmology [ 1 –3 ], crystallizing the earlier attempts [ 4 –7 ] – notably 
y Zeldovish and by Starobinsky – and paving the way to later devel- 
pments [ 8 –14 ]. In particular, the mechanism for generating matter 
rom quantum ﬂuctuations of the scalar ﬁeld [ 15 ] successfully en- 
ows the inﬂation scenario with a casual mechanism for generating 
atter density ﬂuctuations that agrees spectacularly well with the 
urrent array of observations [ 16 –19 ]. This success has been crowned 
he “inﬂation paradigm” [ 20 , 21 ]. Despite the success story, improved 
heoretical understanding, on the other hand, points to many short- 
omings of the paradigm. The most obvious is the lack of a quantum 
heory of gravity in modeling physics of the early universe. This is 
n turn reﬂected by the fact that the effective theory using scalar 
eld necessarily breaks down as one approaches the Planck scale, 
 p , and cosmic singularities are inevitable [ 22 ]. And trans-Plankian 
ffects will eventually show up in the late time physics [ 23 , 24 ]. See, 
owever, [ 25 –28 ] for a different school of thought. 
In an attempt to address the Big Bang singularity, various alterna- 
ive models are proposed. These models can be loosely divided into 
our categories. The ﬁrst consists of models that implement T-duality 
o circumvent the Big-Bang singularity, such as Brandenberger–Vafa * Corresponding author. Tel.: + 86 186014 08671. 
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Open access under CC BY license.scenario [ 29 –32 ], string / brane gas bouncing universe models [ 33 ] and 
pre-Big-Bang models [ 34 ]. Models with modiﬁcations to Einstein ’ s 
theory of General Relativity (GR) to make gravity asymptotically free 
at very high energy, the like of a bouncing universe using f ( R ) gravity 
[ 35 ] belong to the second category. The third is comprised of D-brane 
collisions in extra dimension as the interpretation of the Big-Bang, 
building on the idea of [ 36 ]. Examples are Ekpyrotic universe [ 37 ] 
and cyclic Ekpyrotic scenarios [ 38 ]. See [ 39 ] as an example of other 
attempts to solve singularity in brane-world. The fourth is standard 
GR based bouncing models in which the dynamic behavior of each 
component ’ s equation of state is applied to the bounces, such as the 
bouncing universe with quintom matter [ 40 –43 ]. Models in this cat- 
egory received a lot of attention as one can actually write down a 
Lagrangian and solve for the dynamic equations, even though many 
of these attempts encountered ghosts at bounce points. 
In this paper, we introduce a string-inspired coupled scalar–
tachyon ﬁelds model in the closed FLRW background. The newly in- 
troduced scalar–tachyon coupling term makes the coupled tachyon 
condensation come out naturally after the locked inﬂation driven 
by the tension of D–anti-D brane pairs. Further investigation reveals 
that such scalar–tachyon coupling term plays a crucial role in cosmic 
evolution of universe, and distinguishes the coupled scalar–tachyon 
model from other traditional single tachyon ﬁeld cosmology [ 44 –46 ] 
and / or D-brane inﬂation cosmology [ 36 , 47 –49 ]. Accordingly, the cos- 
mological evolution of this model consists of six distinctive phases: 
locked inﬂation, coupled tachyon condensation, tachyon matter dom- 
inated era(expansion, turnaround and contraction), reversal tachyon 
condensation, deﬂation and smooth bounce. The bounce process is 
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 sufﬁciently soft, a¨ ∗ ≤ a −1 ∗ . And the Null Energy Condition, Dominant
Energy Condition and Weak Energy Condition are not ever violated,
which is consistent to a model-independent analysis in [ 50 ]. No ghosts
are ever generated because of the kinetic terms of each ﬁeld in this
model take correct sign, + . 
This paper is organized as following. In Section 2 , we establish the
coupled scalar–tachyon ﬁelds model by considering the uniﬁcation
of D-brane inﬂation and tachyon condensation process, then give a
overview of the comic evolution of this model in closed FLRW back-
ground. Each stage of universe evolution is studied in detail in Section
3 , including analytical analysis and numerical simulation. In Section
4 , we conclude this paper. 
2. The coupled scalar–tachyon ﬁeld bouncing universe model 
Tachyon was taken as an unphysical object historically. However,
the modern quantum ﬁeld theory revived the concept of tachyon by
offering a correct interpretation that, the existence of a tachyon sig-
nals the emergence of an instability of the quantum system, and such
instabilities used to be associated with the phase transitions of sym-
metries breaking. 1 In superstring theories, the open string tachyon
widely appears in various non-supersymmetric structures, such as
non-BPS Dp-branes and the BPS Dp–anti-Dp brane pair [ 52 –55 ]. And
the open string tachyon signals the instability of these D-branes and /
or anti-D-branes structures. It turns out these non-supersymmetric
structures play a crucial role in understanding the descent relations
among different dimensional D-branes and the annihilation and pro-
duction of D-branes [ 56 , 57 ]. Utilizing the purely string theory tech-
niques, Ashoke Sen and other researchers [ 44 , 45 , 58 , 59 ] show that
the dynamics of open string tachyon can depict the decay process of
these unstable non-BPS D-branes and BPS D–anti-D-branes pair. Sim-
ilar to electroweak symmetry breaking in which the Higgs ﬁeld be-
comes tachyonic, open string tachyons appear when supersymmetry
is being broken. The open string tachyon condensation, henceforth,
describes the phase transition after the breaking of supersymmetry
of this structures, see a nice review for this issue [ 60 ]. Building upon
this modern knowledge of open string tachyons in various super-
string theories, cosmological implications of tachyon condensation
have subsequently been explored in a large number of works, for
example see [ 46 , 61 –65 ]. 
In this section, we establish a coupled scalar–tachyon ﬁelds model
based on unstable D-brane theory, and give an overview of this model
in closed FLRW background. The detailed analysis – analytic as well
as numerical – for each stage of the cosmic evolution of universe1 A tachyon was deﬁned, in the past, as a particle that travelled faster than light, 
which implied the mass-square of tachyon was negative. Such “faster-than-light” fea- 
ture rendered tachyon utterly unphysical until quantum ﬁeld theory provides a cor- 
rect understanding of tachyon concept. In quantum ﬁeld theory, the mass-square of a 
particle-like state is introduced as m 2 = d 2 V ( χ ) 
dχ2 
| χ= 0 , where χ is a scalar ﬁeld, V ( χ ) is its 
potential and has an extremum at the origin. It is clear that for V ′ ′ (0) < 0 the particle 
of such state has a negative mass-square, which is nothing but a tachyon mentioned 
above. In this context, the existence of tachyon has a reasonable physical interpre- 
tation: (1) For V ′ ′ (0) > 0, it describes a particle with positive mass-square. And the 
extremum of the potential V ( χ ) at the origin is a minimum. With small displacement 
of χ , χ oscillates around the origin. The system is stable. (2) For V ′ ′ (0) < 0, it describes 
a tachyon, and the extremum of the potential V ( χ ) at the origin is a maximum. There- 
fore, with small perturbation, the χ will roll down from the origin and grow rapidly 
in time. The existence of a tachyon, therefore, signals the emergence of an instabil- 
ity of the quantum system. Of course, the tachyon should be always understood as a 
sort of particle-like state with negative “effective” mass rather than some elementary 
particles. A example of tachyon ﬁeld in Standard Model [ 51 ] is that, at the moment 
electroweak symmetry SU (2) × U (1) breaking, the Higgs ﬁeld is becoming tachyonic 
and rolling from origin of its ﬁeld space, which is the minimum of Higgs potential 
before the electroweak symmetry breaking, to the true vacuum after the electroweak 
symmetry breaking. This observation unveils an encouraging fact that the emergence 
of tachyon does not necessarily imply a ﬂaw in this theory. In contrary, the study of the 
tachyonic behaviors of the ﬁeld can offer us a better understanding of the dynamics of 
phase transition related to symmetry breaking. 
 
 
 
 
 according to this model is presented in coming sections. 
2.1. Model building 
In this paper, we specialize in the type IIB string theory with a
coincident BPS D3–anti-D3 brane pair. In effective theory, such D3–
anti-D3 brane pair is described by the single open string tachyon ﬁeld
action [ 46 , 66 , 67 ]: 
S = 
∫ 
d 4 xV ( T ) 
√ 
1 + M −4 s ∂ μT ∂ μT , V ( T ) = V 0 
cosh 
(
T √ 
2 M s 
) , (1)
where T , M s , V 0 are the tachyon ﬁeld, the string mass, the tension of
D3–anti-D3-branes pair respectively. The tachyon potential V ( T ) has
a maximum at T = 0 and two minima at T → ±∞ . We take the metric
as ( −, + , + , + ). And we also assume the tachyon ﬁeld is spatially
homogenous. 
In the single tachyon ﬁeld model, initially tachyon ﬁeld is localized
on the top of its potential, T˙ = 0 and T = 0 while the pair of static D3–
anti-D3 branes lay over each other. Such initial state forms an open
string vacuum in string theory [ 60 ]. However, the open string vacuum
is unstable. With a small perturbation, tachyon ﬁeld is rolling down
from the top of its potential, and the T and T˙ grow swiftly toward M 2 s t
and M 2 s . This tachyon rolling process signals the annihilation of the
static D3–anti-D3 branes. After D3–anti-D3 brane pair annihilating,
only matter-like relics are left. This whole process is called as “tachyon
condensation” in the single tachyon ﬁeld theory. 
This single tachyon condensation can be viewed as a phase
transition from dark energy-like component to matter-like compo-
nent. According to Eq. (1) , the equation of state of tachyon ﬁeld is
that, ω T = −(1 − M −4 s T˙ 2 ). Before tachyon condensation taking place,
T˙ = 0, tachyon ﬁeld behaves as dark energy, ω T = −1. It indicates the
tachyon ﬁeld behaves like dark energy. Such “tachyon dark energy” is
just the tension of the static D–anti-D-branes pair. After tachyon con-
densation, T˙ → M 2 s , D–anti-D-branes pair annihilates and tachyon
ﬁeld condensates to be tachyon matter, ω T → 0. 
Now we turn to D-brane inﬂation scenario [ 36 , 48 ], the D3 and anti-
D3 branes are separated by a long distance y . There is an attractive
force, between the D3-brane and anti-D3-brane due to the exchange
of closed string between these two branes. This attractive potential
takes following form [ 47 ]: 
V φ = 
1 
2 
m 2 φ2 + V 0 −
V 2 0 
4 π2 vφ4 
, φ ≡
√ 
V 0 y. (2)
Then the universe inﬂates as the branes move forwards each other,
and ends at branes annihilation 2 , see [ 68 ] for a review, [ 36 , 47 –49 ]. 
We are however motivated to consider the combined effect of
tachyon condensation and D-brane inﬂation. By introducing a scalar–
tachyon coupling term, λφ2 T 2 , the action of the coupled scalar–
tachyon ﬁelds model takes following form, 
S = 
∫ 
d 
4 
x 
√ −g 
[
1 
16 G  
R − V ( T ) 
√ 
1 − M −4 s ∂ μT ∂ μT 
− 1 
2 
∂ μφ∂ 
μφ − 1 
2 
m 2 φ2 − λφ2 T 2 
]
, 
(3)
where R is Ricci scalar and metric is taken as 
d s 2 = −d t 2 + a 2 ( t ) 
( 
d r 2 
1 − K r 2 + r 
2 
(
d θ2 + sin 2 θd φ2 
)) 
, K = 1 . (4)
This model applies a positive curvature since it is the only allowed
choice to realize soft bouncing in the FLRW background without ghost.2 The third term of this equation is the contribution of the heavy modes of the branes, 
which dominates at small distance. It results the annihilation of branes as an exit of D- 
inﬂation. However, it is a perturbative and incomplete description of the annihilation 
of branes. Therefore, it should be replaced by the tachyon ﬁeld description, which is an 
analytical and complete form of the annihilation of branes as discussed before. 
20 C. Li et al. / Physics of the Dark Universe 3 (2014) 18–33 
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tt the bounce point, the Hubble parameter vanishes, H = 0. With the 
riedmann equation, H 2 = − K 
a 2 
+ 8 πG 
3 
ρ , we obtain the scale factor at 
ouncing point, a boun ce = 
√ 
3 
8 πG 
√ 
K 
ρ . Clearly, in absence of ghost, the 
nergy density is positive, ρ > 0. Therefore, k should also be positive. 
The uniﬁcation leads to the following stages to the model: 
1. Initially, the branes are separated at a large distance. The tachyon 
ﬁeld is locked by the large value of φ in the false vacuum, which 
drives universe inﬂating by the tension of branes like D-brane 
inﬂation; 
2. Tachyon condensation takes place after locked inﬂation, when φ
gets strongly redshifted and fails to stabilize the system in the false 
vacuum. 
Moreover, according to this model, universe is free of the Big-Bang 
ingularity by undergoing a smooth bounce from a contracting phase 
o an expanding phase. The details are analyzed in Section 3 . 
To sum up, a technical remark is warranted here: 
• We model the D3-brane and anti-D3 brane to be able to pass each 
other when they collide, with a certain probability for annihilation. 
Therefore, φ can take either positive or negative value. Moreover, 
after the tachyon condensation, D-brane and anti-D-brane become 
very thin but still exist. Thus the physical degree of freedom of φ
does not disappear. And the effective action of φ is still valid after 
the tachyon condensation. 
.2. An overview of cosmic evolution of the coupled scalar–tachyon 
odel 
In this section, we offer an overview of the cosmic evolution driven 
y the coupled scalar–tachyon ﬁelds in the closed FLRW background, 
nd sketch the energy density of ﬁelds and curvature, and the cyclic 
ehavior of scale factor in Fig. 1 . 
In Fig. 1 , the cosmic evolution of scale factor, the total energy 
ensity of both ﬁelds, and the “effective” energy density of curvature 
re illustrated respectively. The thick lines (red and purple) indicate 
he cyclic behavior of scale factor with the pre-bounce, bounce, and 
ost-bounce phases. The red and purple colors are used to label ¨a > 0 
the dark energy dominated) era and a¨ < 0 (matter dominated) era 
espectively. The upper line (orange and green) is the total energy 
ensity of both ﬁelds. The orange and green colors are used to label the 
ark energy dominated era and matter dominated era respectively. 
he lower line (blue) is the “effective” energy density of curvature. 
nd Fig. 1 is sketched from one minimum point of scale factor with 
˙  = 0 and a¨ > 0. In Fig. 1 , D ′ and D are used to denote the initial state
f locked inﬂation and bouncing point respectively. The A and C are 
sed to denote, respectively, the coupled tachyon condensation and 
he reversal tachyon condensation. 
Following the sketch map based on our model, we are giving a 
hronological list of each cosmic era of universe in one cycle, and 
rieﬂy explain each of them in the following. The detailed analyses of 
hese cosmic eras are in consequential chapters. 
• Locked inﬂation period (D ′ → A in Fig. 1 ): 
The initial state of this phase is naturally chosen at the minimum 
of scale factor, a˙ = 0 and a¨ > 0. In this period, the D-brane and 
anti-D-brane are separated at large distance in extra dimension. 
The tension of them, ρT = V 0 , behaves like dark energy, w = −1. 
During this phase, the energy density of tachyon ﬁeld dominates, 
ρT ∝ a 0 over the effective energy density of curvature, ρc ∝ a −2 . 
Universe undergoes an exponential expansion until the D–anti-D- 
brane pair annihilating. Dynamically, the inﬂation is locked in the 
false vacuum valley by the scalar–tachyon coupling term, there- 
fore, we called this inﬂation period as “locked inﬂation”. 
• Coupled tachyon condensation (around A in Fig. 1 ): Cosmologically, tachyon condensation can be viewed as a phase 
transition from dark energy to tachyon matter. During the locked 
inﬂation phase, the amplitude of scalar ﬁeld φ, which is propor- 
tional to the distance l between the D–anti-D-branes pair in extra 
dimension, gets strongly redshift so that the average distance be- 
tween D-brane and anti-D-brane decreases. When l decrease to 
a critical value, the D-brane and anti-D-brane start to annihilate 
efﬁciently. Therefore, the energy density of D–anti-D-brane pair 
releases into tachyon matter, i.e. ω T = −1 ω T = 0. And the locked 
inﬂation ﬁnishes. Universe evolves from the dark energy domi- 
nated era to a tachyon matter dominated era. 
One thing should be noticed that, incorporating with the scalar 
ﬁeld, our model has a notable property: after coupled tachyon con- 
densation, tachyon ﬁeld acquires a non-zero effective vacuum and 
oscillates around it. This effective vacuum moves toward large T in 
consequential expanding phase very slowly. And in a contracting 
phase, it would move back, and make “reversal tachyon condensa- 
tion” happen. This novelty of coupled tachyon condensation in our 
model ensures that the universe would bounce from a contracting 
phase to an expanding phase as discussed in the consequential 
chapters. 
• Tachyon matter dominated period (A → B → C in Fig. 1 ): 
After the coupled tachyon condensation, universe is matter- 
dominated. Its evolution consists of following three phases: 
The expanding phase (A → B in Fig. 1 ): During this phase, the 
energy density of tachyon matter is much larger than the effective 
energy density of curvature, ρT  ρc . With the initial condition 
of this phase, a˙ > 0, universe undergoes a decelerating expansion, 
a ∝ t 2 3 , until approaching the turndown point. 
The turndown point ( B in Fig. 1 ): During the expansion, the 
effective energy density of curvature, ρc ∝ a −2 , catches up the 
energy density of tachyon matter, ρT ∝ a −3 at the down point, a˙ = 
0 and a¨ < 0. After that, universe evolves into a matter contracting 
phase. 
The contracting phase(B → C in Fig. 1 ): In the contracting phase, 
the tachyon matter dominates again. With the initial condition of 
this phase, a˙ < 0, universe undergoes an accelerating contraction, 
a ∝ t 2 3 , until the reversal tachyon condensation taking place. 
• The reversal tachyon condensation (around C in Fig. 1 ): 
The reversal tachyon condensation is a phase transition from 
tachyon matter to dark energy (tension of branes). In the con- 
tracting phase, the scalar ﬁeld, φ, gets strongly blue-shifted and 
pushes the effective vacuum of tachyon ﬁeld back. Eventually, 
tachyon ﬁeld would push up to the top of its potential with T ∼
0 and T˙ ∼ 0. Therefore, the energy density of tachyon matter is 
converted to the tension of D–anti-D-brane pairs. In D-brane sce- 
nario, it indicates the re-production of D–anti-D-brane pairs by 
effective vacuum ﬂuctuations. After the reversal tachyon conden- 
sation, universe is dark energy dominated again. 
• The bounce and the next cycle (C → D in Fig. 1 ): 
After the reversal of the tachyon condensation, universe is dark 
energy dominated and undergoes an exponential contraction. 
During this contraction, the effective energy density of curvature, 
ρc ∝ a −2 , catches up the energy density of tachyon matter, ρT ∝ a 0 , 
at the bouncing point, a˙ = 0 and a¨ > 0. One may notice that this 
bouncing point is identical to the initial condition of the locked 
inﬂation, ( D ′ ∼ D in Fig. 1 ). It implies that, after bouncing point, 
universe evolves into a new cycle of cosmological evolution similar 
to what we discussed above. 
To sum up, the scalar ﬁeld enables reversal tachyon condensation. 
The reversal tachyon condensation, a phase transition from "tachyon 
matter” to dark energy, is crucial for soft bounce in closed FLRW 
background. In consequential chapters, we are elucidating each stage 
listed above by analytical calculations and numerical simulations. 
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Fig. 1. The sketches depicting the evolution of scale factor, total energy density of scalar ﬁeld and tachyon ﬁeld, and “effective” energy density of the curvature. The horizontal 
axis is time. The thick line (red and purple) shows the cyclic behavior of scale factor in pre-bounce, bounce, and post-bounce eras, and the red and purple colors are used to label 
a¨ > 0 (the dark energy dominated) era and ¨a < 0 (matter dominated) era respectively. The upper line (orange and green) is the total energy density of both ﬁelds. The orange and 
green color are used to label the dark energy dominated era and matter dominated era respectively. The lower line (blue) is the “effective” energy density from the curvature. D ′ 
and D are used to denote the initial state of locked inﬂation and bouncing point respectively, and the A and C are used to denote the coupled tachyon condensation transition and 
the reversal of the tachyon condensation transition respectively. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this 
article.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Timestamps of universe evolution presented in the potential of T . The dashed 
curve is the potential during locked inﬂation, and the solid one is after tachyon is re- 
leased. The universe starts minimum at T 0 . Locked inﬂation ends at T 1 . Rolling inﬂation 
ends at T 2 . Tachyon ﬁrst reaches its vev at T 3 . 
 
 
 
 
 
 3. Cosmic evolution of the coupled scalar–tachyon ﬁelds model 
With the general action of coupled scalar–tachyon ﬁelds model, Eq.
(3) , the Friedmann equation in the closed FRLW space-time becomes
H 2 = − 1 
a 2 
+ 8 π
3 M 2 p 
⎛ 
⎝ V ( T ) √ 
1 − M −4 s T˙ 2 
+ 
(
1 
2 
m 2 + λT 2 
)
φ2 + 1 
2 
φ˙2 
⎞ 
⎠ , (5)
and the equations of motion for the tachyon and the scalar ﬁeld are 
T¨ 
M 4 s 
+ 
(
1 − M −4 s T˙ 2 
)⎛ ⎝ 3 H T˙ 
M 4 s 
+ V 
′ ( T ) + 2 λφ2 T 
√ 
1 − M −4 s T˙ 2 
V ( T ) 
⎞ 
⎠ = 0 , (6)
φ¨ + 3 H φ˙ + 
(
m 2 + 2 λT 2 
)
φ = 0 . (7)
Armed with these equations, we are studying the evolution of the
universe, starting with the minimum a ( t ) = a 0 ( t ). To make our analysis
clear, we sketch the potential of the coupled scalar–tachyon ﬁeld with
non-zero expectation value of φ ﬁeld and denote each critical value
on Fig. 2 . 
Fig. 2 shows the expected stages in the ﬁgure of the potentials
of T , with timestamps (0, 1,...) in subscripts to indicate the time
at which variables stand. We start the universe from its minimum,
timestamped as 0. Tachyon is initially locked at zero by the oscillat-
ing φ. The bounce stage is short. The curvature term is inﬂated away,
and therefore the universe goes on to a locked inﬂation stage during
which the amplitude of φ is also red-shifted. When it drops to too
low, it can no longer provide enough effective mass to T . When it
happens, T starts to roll down. The bounce and locked inﬂation stagesare indicated by 0 → 1 in Fig. 2 , with Point 1 being the end of locked
inﬂation. 
At the beginning of tachyon ’ s rolling, when T˙ 2  M 4 s , there is
another short period of inﬂation, rolling inﬂation , denoted by 1 → 2
in Fig. 2 . During rolling inﬂation, 〈 φ2 〉 is damped and T picks up a
vacuum expectation value. 
Toward the end of the rolling inﬂation, the velocity of T becomes
large. Inﬂation ends because the tachyon is matter-like. As shown in
22 C. Li et al. / Physics of the Dark Universe 3 (2014) 18–33 
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φig. 2 , tachyon is acceleratingly to catch up with its vev at this stage, 
ndicated by 2 → 3. 
Once T reaches its vev , it will oscillate and relax. Its kinetic energy 
s lost through expansion. It then follows that the vev of tachyon 
ncreases slowly before contraction happens. This happens after Point 
 3 in Fig. 2 . 
Matter-like components have larger damping rates than the curva- 
ure term, so curvature gradually becomes important and eventually 
alances all positive energy contributions in the Friedmann equation. 
he universe turns around at this point to enter a phase of contraction. 
uring contraction, φ is boosted and it drags T back to zero. When the 
niverse is again dominated by the vacuum energy of the tachyon, the 
ositive energy behaves like a cosmological constant and stays con- 
tant for further contraction whereas the curvature energy increases 
t a rate of a −2 . A bounce takes place when the curvature energy and 
acuum energy of the tachyon reaches exact equality. Even though 
he bouncing process is seemingly like the reverse of an expansion, 
he universe enters another cycle of expansion. 
.1. Locked inﬂation era 
We start following the universe evolution from the minimum of 
 ( t ). Tachyon is initially locked at its vev zero by the large amplitude of 
. Curvature energy and vacuum energy of T co-dominate and cancel 
ach other at minimum a , but their equation of state difference still 
eads to an expansion. During the early co-dominant expansion stage, 
he curvature is red-shifted, and the value of expected vacuum of 
achyon ﬁeld becomes dominated. Since the co-dominant stage is 
hort (with a time scale comparable to 
√ 
3 M 2 p 
8 πV 0 
), universe evolves into 
ocked inﬂation stage soon. 
The universe then goes on to the locked inﬂation, as indicated 
 → 1 in Fig. 2 . For non-zero value of φ, the scalar–tachyon forms a 
alse vacuum valley at T = 0. During locked inﬂation, the interaction 
erm produces a positive effective mass for T with large amplitude 
f φ. Therefore, the tachyon is locked in such false vacuum valley. 
nd the scalar ﬁeld φ is rolling along the false vacuum valley ( T = 0) 
ith a decreasing amplitude due to the inﬂation. In D-brane scenario, 
he locked inﬂation can be viewed as the two branes oscillate with 
 large amplitude, preventing the production of tachyon, i.e. λ〈 φ2 〉 = 
V 0 y 
2  V 0 /M 2 s and 〈 T 2 〉  M 2 s . The universe is dominated by V 0 , 
he tension of the branes. Here 〈 〉 means time averaging to remove 
scillatory features. 
At this stage, the universe is dominated by the vacuum energy of 
 , 
fv = V 0 + 
1 
2 
m 2 φ2 + 1 
2 
φ˙2 ≈ V 0 (8) 
here we suppose that the energy density of φ ﬁeld is much smaller 
han the tension of D–anti-D-brane pair. Therefore, the Hubble pa- 
ameter is constant as long as T is locked, 
H 2 = 8 πV 0 
3 M 2 p 
; (9) 
ince the tachyon ﬁeld is very small and scalar ﬁeld is relatively large, 
he scalar–tachyon coupling, λT 2 φ2 , gives the tachyon ﬁeld a positive 
ffective mass square, m 2 T ≡ 2 λφ2 − V 0 2 M 2 s , in its equation of motion, 
1 
M 4 s 
T¨ + 
( 
− 1 
2 M 2 s 
+ 2 λφ
2 
V 0 
) 
T = 0 . (10) 
o the tachyon ﬁeld is kept from rolling down at 〈 T 2 〉  M 2 s as long 
s m 2 T > 0. Moreover, the equations of motion for the scalar ﬁeld φ is 
lso simpliﬁed to be: 
¨ + 3 H φ˙ + m 2 φ = 0 . (11) accordingly. Henceforth, the universe expands exponentially from Eq. 
(9) driven by vacuum energy, 
a ∝ e 
√ 
8 πV 0 
3 M 2 p 
t 
, (12) 
and φ keeps oscillating and gets redshifted with 
φ ∝ a − 3 2 e i 
√ 
m 2 − 9 
4 
H 2 t . (13) 
From the oscillation term we notice φ may pass zero many times 
during oscillation. The physical interpretation is that a D3-brane and 
an anti-D3-brane can meet many times before total annihilation. This 
is because the maximum distance between the branes (i.e. the am- 
plitude of oscillation) is large. When they meet, this leads to a large 
relative velocity between the branes so time is insufﬁcient for an- 
nihilation. On the other hand, a −
3 
2 , tells us that the scalar ﬁeld get 
strongly redshifted. In string theory, it means the maximum distance 
between the branes are decreasing. When the maximum distance is 
small enough, the two branes will annihilate, putting an end to locked 
inﬂation. The proposal of locked inﬂation here is analogy to the New 
Old Inﬂation model of Dvali and Kachru [ 69 ], but this one is string- 
inspired. We will also go further by investigating two different ending 
conditions of locked inﬂation. 
The one proposal for ending of locked inﬂation is caused by the 
change of the sign of m 2 T , the effective mass square of tachyon, marking 
the beginning of tachyon ’ s rolling down its potential hill. Given m 2 T = 
2 λ〈 φ2 〉 − V 0 / 2 M 2 s , the critical 〈 φ2 〉 at the ending of locked inﬂation, 
〈 φ2 c 〉 , is derived from 
m 2 T = 0 ⇒ 
〈 
φ2 
〉 
= 
〈 
φ2 c 
〉 
≡ V 0 / 4 λM 2 s . (14) 
Therefore when φ2 reaches an expectation value of φ2 c , it can no 
longer hold the tachyon at the top of its potential hill. And T starts to 
roll down, ending the locked inﬂation. 
There exists another way to exit locked inﬂation. When φ oscillates 
much slower than tachyon, in which case as φ passes zero, tachyon 
will have sufﬁcient chance / time to roll down. Therefore even if the 
effective mass square of φ is lower than V 0 / 2 M 
2 
s , locked inﬂation can 
still hold if the amplitude of φ is large enough: the larger amplitude 
of φ, the shorter the time φ it stays in the region 〈 φ2 〉 < 〈 φ2 c 〉 . We 
will call this ending condition “mass ending” and denote it by 
m 2 φ
〈 
φ2 
〉 
= V 0 
2 M 2 s 
〈 
φ2 c 
〉 
, (15) 
where m φ is the effective mass of φ. 
These two conditions are connected at m 2 
φ
= V 0 / 2 M 2 s . When m 2 φ is 
larger, then the normal ending discussed earlier should be adopted, 
and a smaller value of m 2 
φ
calls for “mass ending”. We can see from the 
mass ending condition that a lower m 2 
φ
makes 〈 φ2 〉 larger at the end of 
locked inﬂation. This implies an earlier ending of the locked inﬂation 
than previously thought of. Although the two endings have different 
conditions, they have to meet the same criterion – the sufﬁciency of 
time for brane annihilation. 
Although the expectation value of tachyon is zero, 〈 T 〉 = 0, T still 
has a nonzero ﬂuctuation 〈 T 2 〉 = 0. The back-reaction of it may be 
large by generating an additional effective mass square 2 λ〈 T 2 〉 for φ. 
In cases where the dominant part of effective mass of φ differs, the 
emergence of those two ﬁelds is also different. Therefore, separate 
consideration is needed for those cases, speciﬁed by where m 2 / λ is 
inserted into the relation of 〈 T 2 1 〉 < 〈 T 2 0 〉 < 〈 T 2 2 〉 ∼ M 2 s . For the same 
reason, two ending conditions of locked inﬂation are also considered 
separately. In all, there are 2 × 3 = 6 cases as labeled a → f in Table 
1 . 
First we consider case a , in which 2 λ〈 T 2 2 〉 > m 2 > 2 λ〈 T 2 0 〉 with 
normal ending. In this case, m 2 > 2 λ〈 T 2 〉 holds throughout the en- 
tire period of locked inﬂation. The constant mass gives 〈 φ2 〉 ∝ a −3 . 
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Table 1 
Labels of the six cases for separate consideration. 
2 λ〈 T 2 2 〉 > m 2 > 2 λ〈 T 2 0 〉 m 2 < 2 λ〈 T 2 1 〉 2 λ〈 T 2 0 〉 > m 2 > 2 λ〈 T 2 1 〉 
Normal ending a b c 
Mass ending d e f 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Tachyon however has a varying mass λ〈 φ〉 2 ∝ a −3 , so the solution of
its equation of motion is 〈 T 2 〉 ∝ a −3 / 2 . Such relations imply that the
normal ending of locked inﬂation occurs at: 〈 
φ2 1 
〉 
= e −3 N L 
〈 
φ2 0 
〉 
= 
〈 
φ2 c 
〉 
, (16)
where φc is deﬁned in Eq. (14) . So the expected e-folds of locked
inﬂation for case a is 
N 
( a ) 
L = 
1 
3 
ln 
4 λM 2 s 
〈 
φ2 0 
〉 
V 0 
. (17)
Also, 
〈 
T 
( a ) 2 
1 
〉 
= 
〈 
T 2 0 
〉 √ √ √ √ V 0 
4 λM 2 s 
〈 
φ2 0 
〉 . (18)
Similarly, we can analyze other cases of interest. For case b , be-
cause 2 λ〈 T 2 〉 dominates φ’ s mass, there are 〈 φ2 〉 ∝ a −2 and also
〈 T 2 〉 ∝ a −2 . Case c has a transition point at 2 λ〈 T 2 〉 = m 2 , before which
we apply the analysis for case b and after that the analysis for case a
applies. The two sections are then connected at the transition point
to obtain the complete solution. Cases d , e , f are more or less simi-
lar to a , b , c , except that the ending condition should be replaced by
m 2 
φ
〈 φ2 1 〉 = 
V 0 
2 M 2 s 
〈 φ2 c 〉 . So we get the six scenarios as listed in Table 2 . 
The six cases then correspond to different regions in the moduli
space, dictated by the required conditions in the corresponding cases.
For example, a requires 2 λ〈 T 2 2 〉 > m 2 > 2 λ〈 T 2 0 〉 as in Table 1 . All such
restrictions of moduli space are collected, analyzed and presented in
Appendix B . We can temporarily ignore these restrictions when we
follow the evolution of the universe. 
3.2. Coupled tachyon condensation transition 
Being different from the tachyon condensation in single tachyon
ﬁeld model, the coupled tachyon condensation of this coupled scalar–
tachyon ﬁeld model involves the scalar ﬁeld and the coupling term
between scalar and tachyon ﬁeld. The coupled tachyon condensa-
tion preserves the feature of annihilation of D–anti-D-branes pairs
that, the tension of branes decay into the tachyon matter and these
tachyon matter condensates after branes annihilating. In the single
tachyon ﬁeld models, the tachyon ﬁeld would roll toward inﬁnity af-
ter tachyon condensation which renders the tachyon condensation
to be irreversible. The novelty of the coupled tachyon condensation
however is that tachyon ﬁeld relaxes around the “effective vacuum”
of the coupled potential rather than roll toward the inﬁnity after such
condensation. The position of the “effective vacuum” of the coupled
potential is approximately determined by the value of the ampli-
tude of the φ ﬁeld. The larger amplitude of φ implies the “effective
vacuum” being closer to the origin, T = 0. Therefore, the coupled
tachyon condensation provides a possible way to achieve a reversal
of the tachyon condensation. Speciﬁcally, in our model, such “reverse
tachyon condensation” is realized by the increasing amplitude of φ
during contraction phase, see Section 3.4 . In this section, we stud-
ied the coupled tachyon condensation in detail by doing analytical
analysis and numerical simulation respectively. 
Generally, the coupled tachyon condensation consists of three
main parts, tachyon rolling which T˙ evolves from 0 to 
√ 
2 
3 M s , tachyonaccelerating T˙ → M s , and tachyon ﬁeld oscillation around effective
vacuum. 
3.2.1. Tachyon rolling and its inﬂation 
When φ can no longer lock T at its origin, T will start to roll down
to either side of the potential hill. At the beginning when T is small
and thus T˙ 2  M 4 s , the vev of tachyon still dominates the universe.
So this stage (indicated by 1 → 2 in Fig. 2 ) is an additional epoch
of inﬂation which is usually much shorter than locked inﬂation. Al-
though most two-ﬁeld models neglect this stage, we consider it here
because it causes a delay between the motion of T and its vev . Such
delay determines the length of following stages, and therefore should
not be neglected in our analysis. 
As a good approximation, we can set the mass squared of T to
−M 2 s / 2, whereas the effective mass from interaction is neglected. It
is also applicable to our case even if N R < 1. The rolling inﬂation stage
is then short and itself can thus be neglected for e-folding counting.
The equation of motion of T then simpliﬁes to 
T¨ + 3 H T˙ − 1 
2 
M 2 s T = 0 , (19)
with a solution of 
T = T 1 e 
(
1 √ 
2 
M s − 3 2 H 
)
( t−t 1 ) . (20)
So the e-folds of rolling inﬂation is 
N R = H ( t 2 − t 1 ) = 
1 
M s √ 
2 H 
− 3 2 
ln 
T 2 
T 1 
, (21)
where we approximately choose the end of rolling inﬂation to be at
T 2 = 
√ 
2 M s for simplicity of future calculations. From this equation
we can see it is difﬁcult to get a large N R because H  M s . 
Tachyon would later oscillate about its vev after rolling inﬂation, so
keeping track of how the tachyon vev moves is necessary. We deﬁne
T V , the vev of T as 
∂ρ
∂T 
∣∣∣∣
T = T V 
= 0 . (22)
and 
T V e 
T V √ 
2 M s = V 0 
2 
√ 
2 λM s 
〈
φ2 
〉 √ 
1 − T˙ 2 /M 4 s 
. (23)
It is important to note the T˙ in the above equation is the real time
velocity of tachyon, not the velocity of T V . At Point 2, the equation
becomes 
T V 2 e 
T V2 √ 
2 M s = V 0 
2 
√ 
2 λM s 
〈 
φ2 2 
〉 √ 
1 − T˙ 2 2 /M 4 s 
, (24)
in which at T 2 = 
√ 
2 M s there is 1 − T˙ 2 2 /M 4 s ∼< 1. 
To get T V 2 , we still need to construct the relation between 〈 φ2 2 〉
and 〈 φ2 1 〉 . The evolution of φ however varies under two different sit-
uations – m 2 < 2 λT 2 through rolling inﬂation, and a transition to
m 2 > 2 λT 2 occurs during rolling inﬂation. Here we do not consider
the case with m 2 > 2 λT 2 2 , because then the scalar ﬁeld is too massive.
For demonstration, such huge mass would not give any distinctive
effect either. 
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Table 2 
Locked inﬂation of six separate cases. 
N L 〈 T 2 1 〉 〈 φ2 1 〉 
a 1 
3 
ln 
4 λM 2 s 〈 φ2 0 〉 
V 0 
〈 T 2 0 〉 
√ 
V 0 
4 λM 2 s 〈 φ2 0 〉 
V 0 
4 λM 2 s 
b 1 
2 
ln 
4 λM 2 s 〈 φ2 0 〉 
V 0 
V 0 
4 λM 2 s 〈 φ2 0 〉 
〈 T 2 0 〉 V 0 4 λM 2 s 
c 1 
6 
ln 
32 λ3 M 4 s 〈 φ2 0 〉 
2 〈 T 2 0 〉 
m 2 V 2 0 
√ 
m 2 V 0 〈 T 2 0 〉 
8 λ2 M 2 s 〈 φ2 0 〉 
V 0 
4 λM 2 s 
d 1 
3 
ln 
8 λm 2 M 4 s 〈 φ2 0 〉 
V 2 0 
〈 T 2 0 〉 
√ 
V 2 0 
8 λm 2 M 4 s 〈 φ2 0 〉 
V 2 0 
8 λm 2 M 4 s 
e 1 
4 
ln 
16 λ2 M 4 s 〈 φ2 0 〉 〈 T 2 0 〉 
V 2 0 
√ 
V 2 0 〈 T 2 0 〉 
16 λ2 M 4 s 〈 φ2 0 〉 
√ 
V 2 0 〈 φ2 0 〉 
16 λ2 M 4 s 〈 T 2 0 〉 
f 1 
6 
ln 
128 λ3 m 2 M 8 s 〈 φ2 0 〉 
2 〈 T 2 0 〉 
V 4 0 
√ 
V 2 0 〈 T 2 0 〉 
16 λ2 M 4 s 〈 φ2 0 〉 
V 2 0 
8 λm 2 M 4 s 
〈
a  
h
g〈
a
a
u
b
m
o
i
e
e
m
3
t
e
h
e
〈  
w(
N
w
 
w
d
o
T
dFirst for cases b , e , there is always m 2 < 2 λT 2 . Therefore 
 
φ( 
b ,e ) 2 
2 
〉 
= 
〈 
φ2 1 
〉 
e −3 N R 
√ √ √ √ √ 
〈 
T 2 1 
〉 
T 2 2 
= 
〈 
φ2 1 
〉 
e 
−
(
3 
2 
+ M s √ 
2 H 
)
N R . (25) 
The second possibility is that there exists a transition to 2 λT 2 > m 2 
t T 2 = m 2 / 2 λ, for the cases of a , c , d , f . Suppose that the transition
appens at T α, i.e. m 
2 = 2 λT 2 α , combining the above two processes 
ives 
 
φ( 
a,c,d, f ) 2 
2 
〉 
= 
〈 
φ2 1 
〉 me −3 N R √ 
2 λT 2 
. (26) 
We can see from these results the relationship is actually 〈 φ2 〉 ∝ 
 
−3 m −1 
φ
, and the physics in it is quite clear. 〈 φ2 〉 is proportional to 
 
−3 because φ is a fast rolling ﬁeld, so its amplitude is dampened by 
niverse expansion by a −
3 
2 . It is then inversely proportional to m φ
ecause the kinetic energy is transferred to more potential energy as 
 φ gets smaller. We can also get this result from the energy aspect 
f view. The potential energy of φ is proportional to m 2 
φ
, however φ
s a harmonic oscillator, so potential energy is only half of its total 
nergy when averaged with time, from which we can infer its total 
nergy is proportional to m φ . Its total energy can be represented as 
 
2 
φ
〈 φ2 〉 ∝ m φ , and we get 〈 φ2 〉 ∝ m −1 φ . 
.2.2. Accelerating tachyon 
The period indicated by 2 → 3 is an accelerating process for 
achyon with its velocity T˙ → M 2 s . When T catches up with T V , accel- 
ration stops, signaling the end of this stage. The length of this stage 
inges on the number of e-foldings from rolling period, for reasons 
xplained above. 
If we restrict the moduli space inside m 2 < 2 λM 2 s , there is then 
 φ2 〉 ∝ a −3 T −1 . To calculate the speed of T V , we differentiate Eq. (23)
.r.t. time and get 
1 
T V 
+ 1 √ 
2 M s 
)
T˙ V = 3 H 
( 
1 − T˙ 
2 
M 4 s 
) 
+ T˙ √ 
2 M s 
( 
1 + 
√ 
2 M s 
T 
− T 
T V 
e 
T−T V √ 
2 M s 
) 
. (27) 
eglecting 3 H (1 − T˙ 2 /M 4 s ), we have the solution of 
T V 
T 
e 
T V −T √ 
2 M s + T √ 
2 M s 
= C , (28) 
here C is a constant of integration. 
Choosing Point 2 as T 2 = 
√ 
2 M s and Point 3 as T V 3 = T 3 , by which
e mean at Point 3 the tachyon ﬁeld reaches its vev and starts to 
ecelerate, we apply the solution Eq. (28) to the start and end points 
f this stage and arrive at 
 3 = T V 3 = T V 2 e 
T V2 √ 
2 M s 
−1 
. (29) 
The universe is matter-like during 2 → 3. At the beginning, tachyon 
ominates with equation of state ω T ≈ 0. Later when λT 2 〈 φ2 〉 comes to dominate, T is already large and its variation is negligible so 
λT 2 〈 φ2 〉 ∝ Ta −3 ∝ a −3 . Since both components are matter-like, we 
can also compute the e-folds of this stage 
N = 2 
3 
ln 
3 H 2 T 3 
2 M 2 s 
. (30) 
With a bit of calculation, we can see N = 2 N R + . . . where . . . indicate 
other contributions. Such dependence on N R is exactly as expected. 
The longer rolling inﬂation lasts, the larger delay is between T and T V , 
and thus the more e-folds are required in order for T to catch up with 
T V . 
3.2.3. Tachyon ﬁeld oscillation and its amplitude 
When T reaches its vev T V for the ﬁrst time, it starts to oscillate 
around its vev . We are showing these properties in detail and compute 
the amplitude of such oscillations now. 
Deﬁne x ≡ 1 − T˙ 2 /M 4 s . The equation of motion of T can then be 
transformed to 
x˙ 
x 
= 2 ˙T 
⎛ 
⎝ 3 H T˙ 
M 4 s 
− 1 √ 
2 M s 
+ 
4 λ
〈 
φ2 
〉 
T e T/ 
√ 
2 M s 
V 0 
√ 
x 
⎞ 
⎠ . (31) 
Here we neglect 3 H T˙ /M 4 s term because it is much smaller than the 
other two. Adopting Eq. (23) at T = T V and 〈 φ2 〉 ∝ a −3 T −1 to eliminate 
〈 φ2 〉 , we come to the following equation 
d x 
2 x 
= d T √ 
2 M s 
( 
a 3 r 
a 3 
e 
T−T r √ 
2 M s 
√ 
x 
x r 
− 1 
) 
, (32) 
where subscript r represents the time when the last vev of T was 
reached, or when T reaches its vev next time. The solution is 
T − T r √ 
2 M s 
= ln 
√ 
x r 
x 
− ln 
(
1 − T − T r √ 
2 M s 
)
+ 3 N r (33) 
where N r ≡ ln a / a r . 
From this we can calculate the amplitude of T . Because T˙ 2 → M 4 s at 
T = T V , we have x r  1. The amplitude adopted here are the two fastest 
distances T can reach from T = T V (left and right) during one oscillation 
cycle, where T˙ = 0 that x = 1. T has an asymmetric potential w.r.t. T r , 
so its amplitude on the sides of T > T r and T < T r are different. Deﬁning 
the amplitudes at T > T r and T < T r as T + and T − respectively, we 
now calculate them in turn. 
First for T + when T > T r , the Eq. (33) is simpliﬁed to 
T + = T r + 
√ 
2 M s 
(
1 − e 3 N r √ x r 
)
≈ T r + 
√ 
2 M s . (34) 
It is because of, for x r  1, the term ln 
√ 
x r has a large negative 
value and should be almost cancelled by the term ln (1 − T −T r √ 
2 M s 
) as 
1 − T −T r √ 
2 M s 
→ 0 by leaving a relatively small residue T −T r √ 
2 M s 
− 3 N r . Fur- 
thermore, since ln (1 − T −T r √ 
2 M s 
) is very steep when 1 − T −T r √ 
2 M s 
→ 0, the T 
turn back swiftly as it reaches T + and the plot of T should be sharp at 
T = T + . Our numerical simulation well conﬁrms this point, see Fig. 3 , 
where the plot of tachyon ﬁeld has a sharp peak in each oscillation. 
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Fig. 3. The tachyon ﬁeld is plotted in the coupled tachyon condensation process from 
t = 0 to t = 200. The expectation value of tachyon ﬁeld, T v , gradually increases with 
time, and the tachyon ﬁeld oscillates around such expectation value swiftly. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. The evolution of the equation of state of tachyon ﬁeld ω T from t = 0 to t = 1000. 
The equation of state of tachyon ﬁeld evolves into the later region ω T  0 from the 
initial state ω T  −1 swiftly. In the latter region, even though it occasionally reaches 
−1, it generally stays around 0. So the average value of ω T is almost 0 in latter region, 
which satisﬁes the requirement of tachyon condensation ω T → 0. 
Fig. 5. The evolution of the energy density of tachyon ﬁeld is plotted from t = 0 to t = 
2000. And it decreases as ρT ∝ a −3 in this process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Similarly, for T − when T < T r , we have 
T − = T r + ( ln √ x r + 3 N r ) 
√ 
2 M s ≈ T r + 
√ 
2 M s ln 
√ 
x r . (35)
Because x r  1, T can go far away from T r when T < T r , so that the
amplitude on T < T r is larger than the amplitude on T > T r of tachyon
ﬁeld oscillation. Furthermore, no term of the Eq. (33) is steep in the
region T < T r , so the T should approach and leave from x = 1 on T < T r
smoothly, i.e. it turns back from T < T r smoothly. 
In summary, the amplitudes of tachyon ﬁeld oscillation are 
√ 
2 M s 
on T < T r and 
√ 
2 M s ln 
√ 
x r on T > T r respectively. And the tachyon
ﬁeld turns back from the region T > T r sharply and from the region
T < T r smoothly. These two signatures are well conﬁrmed in Fig. 3 , a
plot of our numerical simulation results. 
Now we present a numerical simulation for the coupled tachyon
condensation to conﬁrm our analytical analysis on above. After the
locked inﬂation, the equations of motion for the coupled scalar–
tachyon ﬁelds model, Eqs. (5) –(7) , can be much simpliﬁed for numer-
ical simulation as shown in Appendix A . Utilizing the Eq. (A5) , we per-
form the numerical simulation of the coupled tachyon condensation
as following. t = 0 is chosen at the ending of the locked inﬂation phase.
The initial conditions are taken as: T [0] = 0.1, T˙ [0] = 0 . 1, L  = 2 3 ∗ 10 3 ,
k = 0.1. And we also take the convention, M s = 10 −3 M p = 1, in this
numerical simulation. The tachyon ﬁeld, the equation of state and
energy density of tachyon ﬁeld in coupled tachyon condensation are
plotted in Figs. 3 –5 respectively. 
1. In Fig. 3 , tachyon ﬁeld is plotted from t = 0 to t = 200. On
the left side of the effective vacuum, T v where T¨ = 0, the term
− 1 √ 
2 
tanh ( T √ 
2 
) dominates, and on the right side of the T v , the
term k L 
2 
( t+ L ) 2 
√ 
1 − T˙ 2 cosh ( T √ 
2 
) dominates, see Eq. (A5) . Once the
tachyon ﬁeld rolling down from the top of its potential, the
term − 1 √ 
2 
tanh ( T √ 
2 
) accelerates the tachyon ﬁeld, T˙ → 1. After the
tachyon ﬁeld passing the T v , the term k 
L 2 
( t+ L ) 2 
√ 
1 − T˙ 2 cosh ( T √ 
2 
)
becomes dominated. This term decelerates the rolling of tachyon
ﬁeld, T˙ → −1, and ﬁnally makes the tachyon ﬁeld roll back and
pass the T v again. Such processes take place repeatedly, so the
evolution of tachyon ﬁeld plotted in Fig. 3 possesses an oscillatory
feature. 
2. The equation of state of tachyon ﬁeld, ω T = −(1 − T˙ 2 ), is plotted
from t = 0 to t = 1000 in Fig. 4 . According to Eq. (A5) , the effec-
tive force terms, k L 
2 
( t+ L ) 2 
√ 
1 − T˙ 2 cosh ( T √ 
2 
) and − 1 √ 
2 
tanh ( T √ 
2 
), are
suppressed by the factor 1 − T˙ 2 when | ˙T | → 1. Therefore, the time
interval, which | ˙T | staying around 1, should be much longer than
that around 0. Henceforth, even through ω T occasionally reaches−1, the average value of ω T also should be almost 0. Our numeri-
cal simulation conﬁrms such argument. In the Fig. 4 , we see that
the ω T evolves from the initial value ω T  −1 to ω T  0 swiftly,
which correspond to the process of tachyon rolling down. More-
over, the time interval that ω T staying around 0 becomes longer
and longer in time. It indicates that, during the coupled tachyon
condensation, the energy density of D–anti-D-branes pair, which
is dark energy-like, releases into tachyon matter. 
3. In Fig. 5 , the energy density of tachyon ﬁeld ρT = V ( T ) (1 − T˙ 2 ) −
1 
2 
is plotted from t = 0 to t = 2000. Despite the fast oscillation,
the averaged value of the energy density is decreasing with time,
and ρT ∝ a −3 approximately. It is consistent to the expectation
that, after the coupled tachyon condensation, the tachyon ﬁeld
behaves like normal matter with ω T ∼ 0, and get redshifted during
the consequential expansion phase. 
To sum up the numerical simulation of the coupled tachyon con-
densation, we emphasize several additional features of these numer-
ical results. For given T , the term k L 
2 
( t+ L ) 2 
√ 
1 − T˙ 2 cosh ( T √ 
2 
) gradually
decreases with time due to the red-shift of the φ. Therefore, the ef-
fective vacuum, T v , increases gradually, see Fig. 3 . On the other hand,
the value of T v would be larger than 
√ 
2 soon, which indicates that the
annihilation process of D–anti-D-branes pair and the coupled tachyon
condensation is completed. Furthermore, the two distinctive features,
the sharp peaks and smooth troughs as shown in Fig. 3 , are consis-
tent with our previous analytical analysis, see Eqs. (34) and (35) and
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Fig. 6. The evolution of the tachyon ﬁeld is plotted with respect to time in the cou- 
pled tachyon condensation. The expectation value of tachyon ﬁeld increases, and the 
tachyon ﬁeld oscillates around its expectation vacuum, T v , swiftly. 
 heir explanation. 
.3. Tachyon matter domination era: expansion, turnaround, and 
ontraction 
After the coupled tachyon condensation, the energy density of 
ension of D–anti-D branes pairs releases into the tachyon matter. 
niverse evolves into a tachyon matter dominated era, and undergoes 
 matter-dominated decelerating expansion, 
 = a ec 
[ 
3 
2 
√ 
V 0 
˜ Mp 
( 
t + 2 
3 
˜ Mp √ 
V 0 
) ] 2 
3 
, (36) 
ith the initial conditions, a˙ ec > 0, where we use the subscript ec 
o label the quantities at the end of coupled tachyon condensation 
hase. 
After the locked inﬂation and coupled tachyon condensation 
tages, the energy density of the curvature term, ρc , takes very small 
raction in the total energy bill and can be neglected. However, during 
he tachyon matter dominated expansion phase, the density of cur- 
ature, ρc ∝ a −2 , is catching up the energy density of tachyon matter, 
T ∝ a −3 , gradually. Eventually, universe reaches a turnaround point 
t where the energy density of curvature and tachyon matter cancel 
ach other. At the same time, the scale factor also reaches its maxi- 
um, a max = V 0 a 3 ec ˜ Mp and a¨ < 0. 
After the turnaround point, universe starts to contract. During 
his contraction, tachyon matter dominates over the curvature again. 
herefore, universe undergoes a tachyon matter dominated contrac- 
ion, 
 = a ec 
[ 
2 
3 
√ 
V 0 
˜ Mp 
( 
−t + 2 
3 
˜ Mp √ 
V 0 
a 3 max 
a 3 ec 
) ] 2 
3 
, (37) 
ntil the reversal tachyon condensation (discussed in detail at next 
ection) taking place. If there is no reversal tachyon condensation, 
hich ensures the tension of D–anti-D branes pairs dominates again 
fter tachyon matter dominated contraction, this contraction, Eq. (37) , 
ould cause a cosmological singularity at t = 2 3 
˜ Mp √ 
V 0 
a 3 max 
a 3 ec 
. 
Now we turn our attention to the dynamics of background ﬁelds 
uring these tachyon dominated eras. And we are discussing how the 
eversal tachyon condensation start up after tachyon matter domi- 
ated contraction. 
As an auxiliary and sub-dominated background ﬁeld, φ gets red- 
hift and blueshift in the tachyon matter dominated expanding phase 
nd contracting phase respectively. According to Eq. (6) , the expected 
acuum, T v for T¨ = 0, is determined by the amplitude of φ. During 
he expanding phase, the amplitude of φ decreases, and T v runs away 
rom the hill of tachyon ﬁeld potential, see Fig. 3 for instance. On 
he other hand, during the contracting phase, the amplitude of φ in- 
reases and pushes the tachyon back to the hill of its potential through 
he scalar–tachyon coupling term. Qualitatively, according to Eq. (A4) , 
he expectation value of tachyon ﬁeld is proportional to the e-folding 
umber of universe in the tachyon matter dominated epoch, T v ∝ 3 N p . 
Once the tachyon ﬁeld is pushed back to the top of its potential 
ill with T ∼ 0 and T˙ ∼ 0 after the tachyon matter dominated con- 
raction, the energy density of tachyon matter is converted into a 
ark energy-like component (the tension of D–anti-D brane pairs), 
 T → −1. In D-brane scenario, it corresponds the re-production of D–
nti-D-brane pairs by the effective vacuum ﬂuctuations. Therefore, 
fter the tachyon matter dominated contraction, a deﬂation driven 
y the tension of D–anti-D-brane pairs ensues. We call the phase 
ransition from ω T → 0 to ω T → −1 as reversal tachyon condensation. 
nd we are discussing this transition in detail in the next section. 3.4. The reversal of tachyon condensation transition 
Essentially, the reversal tachyon condensation transition is a re- 
verse process of the coupled tachyon condensation. During the cou- 
pled tachyon condensation, tachyon rolls down from the top of its 
potential, and D–anti-D-brane pairs annihilate. Universe becomes 
tachyon matter dominated while EoS of tachyon ﬁeld evolves from 
ω T → −1 to ω T → 0 as shown in Fig. 4 . Accordingly, for reversal 
tachyon condensation transition, tachyon is pushed back to the top 
of its potential hill, T ∼ 0 and ρT ∼ V 0 , by the blue-shifted φ during 
the contracting phase. In D-brane scenario, it indicates that D–anti- 
D-brane pairs are re-produced by the effective vacuum ﬂuctuations. 
Universe is dominated by the tension of these brane pairs again. And 
the EoS of tachyon ﬁeld evolves from ω T → 0 to ω T → −1 as shown 
in Fig. 15 . Therefore, after reversal tachyon condensation, universe 
undergoes a deﬂation, 
a = a ec e −
√ 
V 0 ˜  M
−1 
p t , (38) 
driven by the tension of D–anti-D-brane pairs, ω T ∼ −1, according to 
Eq. (5) . And in Eq. (38) , we have neglected the sub-dominated energy 
density of φ and curvature term. 
Now, utilizing the setup of numerical simulation presented in 
Appendix A , we are performing a numerical simulation for the evolu- 
tion of the tachyon ﬁeld, energy density and EoS of tachyon ﬁeld in the 
coupled tachyon condensation and the reversal tachyon condensation 
respectively. 
3.4.1. Coupled tachyon condensation 
For the coupled tachyon condensation, the evolution of tachyon 
ﬁeld, EoS and energy density of tachyon ﬁeld are plotted in Figs. 
6 –11 with respect to time and the e-folding number of scale factor 
respectively. For these numerical simulations, the initial conditions 
are taken as: T [0] = 0.1, T˙ [0] = 0 . 1, L  = 2 
3 
∗ 10 3 , k = 0.1, t i = 0, and
t f = 10 4 . 
During the coupled tachyon condensation, as shown in the Fig. 6 , 
the expectation value of tachyon ﬁeld increases with time, and the 
tachyon ﬁeld oscillates around such expectation value very swiftly. In 
Fig. 7 , we ﬁnd that the expectation value of the tachyon ﬁeld is linear 
to the e-folding number of scale factor, T v ∝ N p , which is consistent 
to our analytical analysis in previous section. Moreover, both Figs. 
8 and 9 show that, the equation of state of tachyon ﬁeld evolves 
from ω T ∼ −1 to ω T ∼ 0 (even though it occasionally reaches −1, 
the equation of state of tachyon ﬁeld generally stays around 0) in the 
coupled tachyon condensation phase, see Fig. 4 for high resolution 
plotting. It indicates that the energy density of tension of D–anti-D- 
brane pairs releases into tachyon matter during the coupled tachyon 
condensation. And, in Figs. 10 and 11 , it is shown that the energy 
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Fig. 7. The evolution of the tachyon ﬁeld is plotted with respect to the e-folding number 
of scale factor, N p , in the coupled tachyon condensation. The expectation value of the 
tachyon ﬁeld increases and is linear to the e-folding number, T v ∝ N p . And tachyon ﬁeld 
oscillates around such expectation vacuum swiftly. 
Fig. 8. The evolution of the equation of state of tachyon ﬁeld is plotted with respect 
to time in the coupled tachyon condensation. Even though it occasionally reaches −1, 
the equation of state of tachyon ﬁeld generally stays around 0 in this phase. 
Fig. 9. The evolution of the equation of state of tachyon ﬁeld is plotted with respect 
to the e-folding number of scale factor, N p , in the coupled tachyon condensation. Even 
through it occasionally reaches −1, the equation of state of tachyon ﬁeld generally 
stays around 0. 
 
 
 
 
 
 
 
Fig. 10. The energy density of tachyon ﬁeld is plotted with respect to time in the 
coupled tachyon condensation. 
Fig. 11. The energy density of tachyon ﬁeld is plotted with respect to the e-folding 
number of the scale factor, N p , in the coupled tachyon condensation. 
Fig. 12. The evolution of tachyon ﬁeld is plotted with respect to time in the reversal 
tachyon condensation. The expectation value of tachyon ﬁeld, T v , evolves toward 0 
while the amplitude of the oscillations of tachyon ﬁeld around the effective vacuum 
also decreases to be 0. 
 
 
 
3 To make the numerical simulation accessible in this tachyon matter dominated 
contraction, we take a cut-off, 0.55 L , in t fc . It renders that each plotting in Figs. 12 , 14 
and 16 moves to right side while the plots in Figs. 13 , 15 and 17 move to left side 
systematically and slightly. In principle, it would not affect the generic features of each 
plotting. density of tachyon ﬁeld decreases while the tachyon matter is diluted
during this expanding phase. In summary, after the coupled tachyon
condensation, universe evolves into the tachyon matter dominated
epoch as discussed in Section 3.4 . 
3.4.2. Reversal tachyon condensation 
For the coupled tachyon condensation, the evolution of tachyon
ﬁeld, EoS and energy density of tachyon ﬁeld i plotted in Fig. 12 ,
respectively, with respect to time and the e-folding number of scale
factor. Accordingly, the initial conditions are taken as: T [ t ic ] = 14.2303,T˙ [ t ic ] = 0 . 999561, L  = 2 3 ∗ 10 3 , k = 0.1, t ic = a max a 1 L  − ( L  + t f ) and t fc =
a max 
a 1 
L  − 0 . 55 L  for the reversal tachyon condensation. 3 We notice
that, since N p decreases in the contraction phase, each quantity, which
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Fig. 13. The evolution of the tachyon ﬁeld is plotted with respect to the e-folding 
number of scale factor, N p , in the reversal tachyon condensation ( Right → Left ). The 
expectation value of tachyon ﬁeld, T v , evolves toward 0, and the amplitude of the 
oscillation of tachyon ﬁeld around the effective vacuum also decrease to 0. Moreover, 
the expectation value of the tachyon ﬁeld is linear to the e-folding number, T v ∝ N p , in 
this contracting phase. 
Fig. 14. The equation of state of the tachyon ﬁeld is plotted with respect to time in the 
reversal tachyon condensation. During this contracting phase, the value of equation of 
state of tachyon ﬁeld, ω T , evolves toward −1 from 0. 
Fig. 15. The equation of state of the tachyon ﬁeld is plotted with respect to the e- 
folding number of scale factor, N p , in the reversal tachyon condensation ( Right → Left ). 
During this contracting phase, the value of equation of state of tachyon ﬁeld, ω T , evolves 
toward −1 from 0. 
i
f
u
1
0
e
ﬁ
Fig. 16. The energy density of the tachyon ﬁeld is plotted with respect to time in the 
reversal tachyon condensation. The energy density of tachyon ﬁeld increases to the 
order of V 0 when the tachyon ﬁeld is pushed back at the end of this contracting phase. 
Fig. 17. The energy density of the tachyon ﬁeld is plotted with respect to the e-folding 
number of scale factor, N p , in the reversal tachyon condensation ( Right → Left ). The 
energy density of tachyon ﬁeld increases to the order of V 0 when the tachyon ﬁeld is 
pushed back at the end of this contracting phase. s plotted with respect to e-folding number of scale factor, evolves 
rom right side to left side in Figs. 13 , 15 , and 17 respectively. 
At the beginning of the reversal tachyon condensation, universe 
ndergoes a tachyon matter dominated contraction. As shown in Figs. 
2 and 13 , the expectation value of tachyon ﬁeld, T v , evolves toward 
, and the amplitude of the oscillations of tachyon ﬁeld around the 
ffective vacuum also decreases to be 0. Especially, in Fig. 13 , we 
nd that the expectation value of the tachyon ﬁeld is linear to the e-folding number of scale factor, T v ∝ N p . Again, it is consistent to our 
analytical analysis in previous section. In Figs. 14 and 15 , it is shown 
that, during the reversal tachyon condensation, the equation of state 
of tachyon ﬁeld evolves from ω T ∼ 0 to ω T ∼ −1. It indicates that the 
energy density of tachyon matter is converted into a dark energy-like 
component (the tension of D–anti-D-brane pairs reproduced by the 
effective vacuum ﬂuctuations) after the reversal tachyon condensa- 
tion. In Figs. 16 and 17 , accordingly, the energy density of tachyon 
ﬁeld increases to the order of V 0 when the tachyon ﬁeld is pushed 
back at the end of this reversal tachyon condensation phase. 
To sum up, after the reversal tachyon condensation, universe un- 
dergoes a deﬂation, Eq. (38) , driven by the tension of reproduced 
D–anti-D brane pairs until the curvature term being co-dominated. 
Then universe is bouncing from the deﬂation to the locked inﬂation of 
next cycle in competition of curvature term and tension of D–anti-D 
brane pairs. The details of such smooth bounce are discussed in next 
section. 
3.5. Smooth bounce and cyclic cosmic evolution 
After the reversal tachyon condensation, universe is dominated 
by the dark energy-like component, i.e. the tension of D–anti-D brane 
pairs, ρT = V 0 . Taking account into the curvature term, (
a˙ 
a 
)2 
= − 1 
a 2 
+ V 0 
˜ Mp 
2 
, (39) 
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 universe undergoes a smooth bounce, 
a = a ∗ cosh 
[ √ 
V 0 
˜ Mp 
2 
( t − t ∗) 
] 
, (40)
where t ∗ = t f + 
√ 
V 0 ˜ M
−1 
p arc cosh [ a f a 
−1 ∗ ] and a ∗ = 
√ 
V 0 ˜ M
−1 
p . Here, we
use the subscripts, f and * , to denote the quantities at the end of the
reversal tachyon condensation and at the bounce point respectively.
At t = t * , universe reaches its non-zero minimum, a = a ∗ = 
√ 
V 0 ˜ M
−1 
p ,
and is bouncing from the deﬂation phase to a new inﬂation phase.
Clearly, such smooth bounce connects the deﬂation, Eq. (12) , and the
locked inﬂation of new cycle, Eq. (38) . It indicates that, up to the ze-
roth order of cosmological evolution, universe driven by the coupled
scalar–tachyon ﬁelds undergoes a cyclic evolution. In summary, with
the smooth bounce, universe driven by the coupled scalar–tachyon
ﬁelds is free of the Big-Bang singularity. 
One may be worried that, during the tachyon matter dominated
contraction or the deﬂation phase, the energy density of scalar
ﬁeld might become dominated by strongly blue-shifted, which ren-
ders the smooth bounce invalid. Now we demonstrate that the en-
ergy density of tachyon ﬁeld would dominate over that of φ dur-
ing the whole process. According to the previous analytical analy-
sis and numerical simulations, the e-folding number of locked in-
ﬂation, N i , is equal to that of locked deﬂation, N d , N i = −N d . And
the e-folding number of the tachyon dominated expansion, N e , is
also equal to that of the contraction phase, N c , N e = −N c . During
the locked inﬂation and the deﬂation, ρφ = m 2 〈 φ2 〉 ∝ e −3 N . And dur-
ing the tachyon matter dominated expansion and the contraction,
ρφ = ( m 2 + 2 λT 2 ) 〈 φ2 〉 ∝ T 2 e −3 N T −1 ∝ f (3 N + f −1 ) * e −3 N , where f is
a constant determined by the relation 
√ 
2 M s (3 N p + f ) = T v . Straight-
forwardly, we have 
1. At the ending of locked inﬂation phase, ρφe = e −3 N i ρφ0 ; 
2. At the turnaround point, ρφt = f ∗ 3 N e ∗ e −3 N e + f −1 ρφe ; 
3. At the ending of tachyon matter dominated contraction, ρφc =
f ∗ 3( N e + N c + f −1 ) ∗ e −3( N e + N c ) ρφe ; 
4. At the bouncing point, ρφ∗ = e −3 N d ρφc = f ∗ 3( N e + N c + f −1 ) ∗
e −3( N e + N c ) ∗ e −3( N i + N d ) ρφ0 
With the conditions, N i = −N d , N e = −N c , we have ρφ*  ρφ0 V 0 .
We ﬁnd that the energy density of scalar ﬁeld is always sub-
dominated comparing with tachyon ﬁeld during the contracting
phase and deﬂation phase. 
4. Conclusion 
In this paper, we present a string-inspired coupled scalar–tachyon
ﬁelds model for a bouncing / cyclic universe without initial singu-
larities in the closed FLRW background. A scalar–tachyon coupling
term has been introduced into the action to make the coupled tachyon
condensation come out naturally after the locked inﬂation driven
by the tension of D–anti-D brane pairs. Further investigation reveals
that such scalar–tachyon coupling term plays a crucial role in cosmic
evolution of universe, and distinguishes the coupled scalar–tachyon
model from other traditional single tachyon ﬁeld cosmology and / or
D-brane inﬂation cosmology. 
We take a detailed analytical analysis and numerical simulation
to study the entire cosmology evolution of this model. The cosmolog-
ical evolution mainly consists of six distinctive phases: locked inﬂa-
tion, coupled tachyon condensation, tachyon matter dominated era
(expansion, turnaround and contraction), reversal tachyon conden-
sation, deﬂation and smooth bounce. Each phase has been studied
analytically and numerically in this paper. No ghosts are ever gen-
erated at any point in the entire evolution of the universe. And the
Null, Weak, and Dominant Energy Conditions are not violated at the
bounce points. Moreover, the smooth bounce connects the deﬂationand the locked inﬂation of a new cycle. It indicates that, up to the
zeroth order of background, universe enjoys a cyclic evolution. 
To make contact with the cosmological observations, we have
studied the density perturbations of this model in [ 70 , 71 , 72 ]. And
we ﬁnd that, for this model, the power spectrum of curvature per-
turbation is nearly scale-invariant, n s − 1  0, consistent with recent
observations [ 72 , 73 ]. 
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Appendix A. The setup of numerical simulation 
After the locked inﬂation, the equation of motion of tachyon ﬁeld
can be much simpliﬁed for the numerical simulations. Here we set up
the numerical equations for the simulations of these processes after
the locked inﬂation. 
First of all, Eq. (7) can be rewritten as 
ψ¨ + 
( 
m 2 eφ −
9 p 
2 ˜ Mp 
2 
) 
ψ = 0 , φ ( t ) ≡ a − 3 2 ψ ( t ) , (A1)
where p is a constant, ˜ Mp ≡
√ 
3 
8 π M p and m 
2 
eφ
= λT 2 + m 2  λT 2 
9 p 
2 M 2 p 
. With the ansatz, T = h * t , the solution of Eq. (A1) is 
ψ ∝ ( h ∗ t ) − 1 2 × cos 
[ √ 
λht 2 
] 
, h ∗ t  0 . (A2)
Integrating the fast oscillating factor cos [ 
√ 
λht 2 ] out, 〈 ψ 2 〉 ∝ ( h * t ) −1 ,
where 〈 X 〉 denotes the averaged value of X . Then we obtain 〈 
φ2 
〉 
T ∝ a −3 . (A3)
Substituting Eq. (A3) into Eq. (6) , the equation of motion of tachyon
ﬁeld is simpliﬁed, 
T¨ + 
(
1 − T˙ 2 
)[
− 1 √ 
2 
tanh 
(
T √ 
2 
)
+ ke −3 N p 
√ 
1 − T˙ 2 cosh 
(
T √ 
2 
)]
= 0 , (A4)
where N p is the e-folding number of scale factor after the locked inﬂa-
tion, N p ≡ ln ( a a 1 ), γ is a numerical parameter determined by the initial
conditions, and k ≡ 1 
2 
φ2 
1 
φ2 c 
γ . With H ∼ 1 √ 
M p 
, the term, 3(1 − T˙ 2 ) H T˙ , is
much smaller than others, 1 √ 
2 
tanh ( T √ 
2 
) and ke −3 N p 
√ 
1 − T˙ 2 cosh ( T √ 
2 
),
and has been neglected above. In Eq. (A4) , we use subscript 1 to denote
the quantities at end of locked inﬂation, and adopt the unit conven-
tion, M s = 10 −3 ˜ Mp = 1. 
After the locked inﬂation, universe evolves into a tachyon matter
dominated era with three phases, expansion, turnaround and contrac-
tion. Here we list the equations of motion of each phase according to
Eq. (A4) , where L  ≡ 2 3 
˜ Mp √ 
V 0 
, 
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t1. In tachyon matter dominated expansion, a = 
a 1 [ 
3 
2 
√ 
V 0 
˜ Mp 
( t + 2 3 
˜ Mp √ 
V 0 
)] 
2 
3 
, 
T¨ + 
(
1 − T˙ 2 
)[ 
− 1 √ 
2 
tanh 
(
T √ 
2 
)
+ k L  
2 
( t + L  ) 2 
√ 
1 − T˙ 2 cosh 
(
T √ 
2 
)] 
= 0 , (A5) 
2. Around the turnaround point, 
T¨ + 
(
1 − T˙ 2 
)[ 
− 1 √ 
2 
tanh 
(
T √ 
2 
)
+ k a 
3 
1 
a 3 max 
√ 
1 − T˙ 2 cosh 
(
T √ 
2 
)] 
= 0 , (A6) 
3. In tachyon matter dominated contraction, a = 
a 1 [ 
2 
3 
√ 
V 0 
˜ Mp 
( −t + 2 3 
˜ Mp √ 
V 0 
a 3 max 
a 3 
1 
)] 
2 
3 
, 
T¨ + 
(
1 − T˙ 2 
)
⎡ 
⎢ ⎢ ⎢ ⎢ ⎢ ⎣ −
1 √ 
2 
tanh 
(
T √ 
2 
)
+ k L 
2 ( 
a 3 max 
a 3 
1 
L − t 
) 2 
√ 
1 − T˙ 2 cosh 
(
T √ 
2 
)
⎤ 
⎥ ⎥ ⎥ ⎥ ⎥ ⎦ = 0 . (A7) 
ppendix B. Parameters analysis 
.1. Constraints from each phase of universe evolution 
Let us ﬁrst list the constraints of the model which we have to take 
nto account when computing the e-folding. We will use subscript 0 
o denote the initial value at the bounce point. Each constraint in this 
ection is given with explanations. 
onstraint 1. Vacuum Energy Domination 
V 0 
2 λ
〈 
T 2 0 
〉 〈 
φ2 0 
〉 > 1 , for b , c , e , f 
V 0 
m 2 
〈 
φ2 0 
〉 > 2 , for a, d (B1) 
The ﬁrst constraint comes from our expectation of initial tachyon 
or its vacuum energy) domination. Not only it is the requirement 
rom locked inﬂation, it is also because the total equation of state 
hould be smaller than −1 / 3, that of curvature. Otherwise, the uni- 
erse would contract instead of expand. Depending on which term is 
arger in the mass square of φ, two cases are considered separately to 
et Eq. (B1) . 
onstraint 2. Initial Locking 
〈 
φ2 0 
〉 
> 
〈 
φ2 c 
〉 
, for a, b, c 
m 2 
〈 
φ2 0 
〉 
> 
V 0 
2 M 2 s 
〈 
φ2 c 
〉 
, for d 
2 λ
〈 
T 2 0 
〉 〈 
φ2 0 
〉 
> 
V 0 
2 M 2 s 
〈 
φ2 c 
〉 
, for e , f . 
(B2) 
We would like to have a period of locked inﬂation, and we would 
ike it to make a major contribution to e-folding. This constraint is to 
nsure initial tachyon locking, by making 〈 φ2 0 〉 larger than the 〈 φ2 〉 
t the end of locked inﬂation. We categorize cases a to f according 
o different ending conditions of locked inﬂation, the deﬁnitions and 
herefore the values of 〈 φ2 〉 are also different in different cases. 1 Constraint 3. Fastroll Scalar Field 
m 2 > 
6 π
M 2 p 
(
V 0 + m 2 
〈 
φ2 0 
〉 )
, for a, d 
2 λ
〈 
T 2 0 
〉 
> 
6 π
M 2 p 
(
V 0 + 2 λ
〈 
T 2 0 
〉 〈 
φ2 0 
〉 )
, for b , c , e , f 
M 2 p 
〈 
T 2 0 
〉 
> 12 πM 2 s 
〈 
φ2 0 
〉 
, for b 
m 2 M 4 p 
〈 
T 2 0 
〉 
> 144 π2 λV 0 M 
2 
s 
〈 
φ2 0 
〉 
, for c 
M 4 p 
〈 
T 2 0 
〉 
> 288 π2 λM 4 s 
〈 
φ2 0 
〉 
, for e , f . 
(B3) 
To get an oscillating φ during locked inﬂation, we need φ to vi- 
olate the slow-roll condition. The effective mass of φ thus yields 
m 2 
φ
> 9 H 2 / 4. Neglecting the smaller contribution to φ’ s mass, the 
derivation of above constraint is straightforward. The ﬁrst two rela- 
tions are for initial fast-roll property and the rest are for fast-roll near 
the end of locked inﬂation. 
Constraint 4. Proper Mass of Scalar Field 
m 2 > 2 λ
〈 
T 2 0 
〉 
, for a, d 
m 2 < 
V 0 
〈 
T 2 0 
〉 
2 M 2 s 
〈 
φ2 0 
〉 , for b 
2 λ
〈 
T 2 0 
〉 
> m 2 > 
V 0 
〈 
T 2 0 
〉 
2 M 2 s 
〈 
φ2 0 
〉 , for c 
m 2 < 
V 0 
2 M 2 s 
√ √ √ √ √ 
〈 
T 2 0 
〉 
〈 
φ2 0 
〉 , for e 
2 λ
〈 
T 2 0 
〉 
> m 2 > 
V 0 
2 M 2 s 
√ √ √ √ √ 
〈 
T 2 0 
〉 
〈 
φ2 0 
〉 , for f. 
(B4) 
These and the next constraints come from the deﬁning characteris- 
tics of each case. The above constraints ensure the correct relationship 
between λ〈 T 2 0 〉 , λ〈 T 2 1 〉 and m 2 . The next ones apply to m 2 φ and V 0 / 2 M 2 s 
at Point 1. 
Constraint 5. Ending Condition of Locked Inﬂation 
2 m 2 M 2 s > v 0 , for a, c 〈 
T 2 0 
〉 
> 
〈 
φ2 0 
〉 
, for b 
2 m 2 M 2 s < V 0 , for d, f 〈 
T 2 0 
〉 
< 
〈 
φ2 0 
〉 
, for e. 
(B5) 
We can see from this set of constraints 
√ 
V 0 / 2 M 2 s is a critical value 
of m which divides the moduli space into normal ending and mass 
ending for m that is not too small ( m 2 > 2 λ〈 T 2 1 〉 ). This is reasonable 
because as long as m is not too small, it would already be m dominating 
in the mass of φ, so the constraint only applies to m . Moreover, after 
checking with other constraints we ﬁnd that the case e may only exist 
under m 2 < V 0 / 2 M 
2 
s . So in the analysis of moduli space in the next 
section, we will discuss the large m and small m separately. 
Constraint 6. Relaxed Tachyon 
λm 2 M 4 s M 
2 
p 
〈 
φ2 0 
〉 2 
> 3 πV 3 0 , for a, d 
2 λ2 M 4 s M 
2 
p 
〈 
φ2 0 
〉 2 〈 
T 2 0 
〉 
> 3 πV 3 0 , for b , c , e , f . 
(B6) 
This is the last constraint, coming from the number of e-folds. We 
expect the universe to be still expanding when T = T V at Point 3, so 
there would be reheating and baryon genesis for late time universe. 
According to the evolution of the ratio of positive energy density to 
curvature energy, we write the constraint as 2( N L + N R ) > N , based 
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Fig. 18. The moduli space diagram for m 2 > V 0 / 2 M 2 s when, m 
2 = 10 −3 M 2 p . 〈 φ2 0 〉 = 
10 −8 M 2 p . Brown, blue and red correspond to cases a , b , c respectively. (For interpre- 
tation of the references to color in this ﬁgure legend, the reader is referred to the web 
version of this article.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 19. The moduli space diagram for m 2 < V 0 / 2 M 2 s , when m 
2 = 10 −4 M 2 p , 〈 φ2 0 〉 = 
10 −8 M 2 p . Blue, brown, green and red correspond to a , d , e , f . (For interpretation of 
the references to color in this ﬁgure legend, the reader is referred to the web version 
of this article.) 
Fig. 20. The number of remaining e-folds is shown by the contours, with the spe- 
ciﬁc numbers in red. We have taken the parameter values m 2 = 10 −5 M 2 p , 〈 φ2 0 〉 = 
10 −8 M 2 p .(For interpretation of the references to color in this ﬁgure legend, the reader 
is referred to the web version of this article.) 
 
 
 
 
 
 
 
 
 
 
 on that during inﬂation energy density stays constant, and afterward
the universe becomes matter-like. 
B.2. Moduli space and e-folds 
The string mass scale, M s , is usually chosen to be 10 
−3 M p , the
scale at which we are also adopting here. V 0 is the scale of M 
3 
s M p
from deﬁnition of tachyon in string theory. Therefore we have four
free parameters of the system, λ, m , 〈 T 2 0 〉 and 〈 φ2 0 〉 . Once we give them
deﬁnite values in the moduli space, the evolution of the universe is
fully determined. For demonstration, we choose 
α ≡ ln 
4 λM 2 s 
〈 
φ2 0 
〉 
V 0 
, (B7)
β ≡ ln 
〈 
T 2 0 
〉 
〈 
φ2 0 
〉 (B8)
as the axes of moduli space, and use 〈 φ2 0 〉 and m 2 as the free param-
eters. Any combination of values of 〈 φ2 0 〉 and m 2 provides a different
moduli space of α and β . 
Such a choice of axes and free parameters provides convenience
in several aspects. α is actually ln 〈 φ2 0 〉 / 〈 φ2 c 〉 so it partly indicates the
e-folds of locked inﬂation. Deﬁnition of β simpliﬁes the constraints,
especially Constraint 4 . m acts as a free parameter and provides dis-
tinctive moduli spaces under different values, as discussed in Con-
straint 5 . 
Given the constraints in Appendix B.1 , we can plot the moduli
spaces. Fig. 18 is the case when m 2 > V 0 / 2 M 
2 
s , and Fig. 19 is for
m 2 < V 0 / 2 M 
2 
s . From these two ﬁgures, we can tell that if we want to
increase the e-folds of locked inﬂation (characterized by α), we need
to decrease β (i.e. 〈 T 2 0 〉 , since 〈 φ2 0 〉 remains constant as a free parame-
ter) to preserve tachyon domination(Constraint 1 ). Other constraints
can be found in the ﬁgures in the same way. 
We can then further demonstrate the number of e-folds within
the moduli space; Fig. 20 gives the ﬁgure of remaining e-folds after
T 3 = T V 3 before turnaround, which is deﬁned as 2( N L + N R ) − N .
And Fig. 21 shows the total number of e-folds of inﬂation N L + N R .It can be seen that in most cases, locked inﬂation indeed contributes
much more to total e-folds than rolling inﬂation. On the other hand,
decreasing β does generate additional e-folds that can contribute a
small portion on total e-folds in Fig. 21 . The vertical contours in Fig.
20 reveals that the e-folds required by the catch-up process of T with
its vev T V cancels that from rolling inﬂation. 
If we want the e-folds of locked inﬂation to be N L = 50, there would
be α ≈150 and β < ∼−150. The large αwould imply a strong coupling
between φ and T , which means tachyon will not generate until branes
become very close. Meanwhile, β demands an initial 〈 T 2 〉 frozen at
zero. This is reasonable because the initial large distance between the
branes prevents tachyon production, and the strong coupling further
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Fig. 21. The total number of e-folds of inﬂation is shown by the contours, with the 
speciﬁc numbers in red. We have taken the parameter values m 2 = 10 −5 M 2 p , 〈 φ2 0 〉 = 
10 −8 M 2 p . (For interpretation of the references to colour in this ﬁgure legend, the reader 
is referred to the web version of this article.) 
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hnsures that. Therefore, our model needs a strong coupling between 
achyon and the distance between branes. Otherwise it is difﬁcult to 
et an e-folding larger than 50. 
.3. Discussion of parametric resonance 
In the above analysis, we have neglected, for simplicity, the ef- 
ect of parametric resonance. Here we brieﬂy discuss its effect in the 
ocked inﬂation scenario. 
Parametric resonance during locked inﬂation transfers energy 
rom φ ﬁeld to tachyon, pumping up 〈 T 2 〉 . In the language of particle 
hysics, tachyon particles are generated because of the interaction 
nd the oscillation of φ. This process is usually called “preheating”
n many papers (see [ 74 ] for a brief review). When back-reactions of 
 on φ are negligible, such preheating produces the number density 
f T that is exponentially increasing for all modes below a certain 
omentum. Such exponential increase of T would certainly ruin our 
odel if no precaution is taken. 
There are usually three ways to deal with unwanted resonance, 
ne of which works for our model. Let us ﬁrst see why the other 
wo do not. First if the effective mass of T from φ is much smaller 
han T ’ s bare mass, the effect of parametric resonance is negligible. 
his case is not applicable to our model because the number of e- 
olding of locked inﬂation requires φ contribute an effective mass in 
ur model is much larger than T ’ s bare mass, 
√ 
V 0 / 2 M 2 s . The second 
oint is that if φ is fast rolling but not too fast, i.e. in the range of 10 H
 ∼m φ > 3 H / 2, the Hubble damping due to expansion is even larger 
nd cancels parametric resonance effect. So this mechanism works 
ell for our model during expansion but it must fail at the contrac- 
ion phase, because contraction acts as a boosting effect. Altogether 
ith parametric resonance, T ’ s amplitude grows even faster during 
ontraction. 
The method we are using is to allow the back-reaction of T so that 
arametric resonance between φ and T is in equilibrium. Therefore 
he energy transfer to and fro each other by parametric resonance 
hould be exactly equal, i.e. the growing rate of φ is proportional 
o the effective mass of T and vice versa. With these relations, we 
ave m φ〈 φ2 e 〉 = m T 〈 T 2 e 〉 , where subscript e means equilibrium and the effective masses are taken to be m φ = m , m T = 
√ 
λ〈 φ2 e 〉 . Since we re- 
quire many e-folds during locked inﬂation, m T m φ and φ is initially 
large. We thus get 〈 T 2 e 〉 / 〈 φ2 e 〉  1 initially, which in turn implies that 
the parametric resonance effect is negligible at the beginning. As 〈 φ2 〉 
decreases due to inﬂation, this ratio will grow and become signiﬁ- 
cant. It may become quite large near the end of locked inﬂation, and 
thereafter the stage of rolling inﬂation would be shortened or even 
bypassed. Consequently, the kinetic–potential energy ratio at Point 
3 may decrease signiﬁcantly. In such cases, the reheating efﬁciency 
from tachyon’s kinetic energy is lowered and may become insufﬁ- 
cient. This calls for other mechanisms for sufﬁcient reheating, such as 
by taking into consideration φ’ s decay. 
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